The catabolism of aromatic compounds in Corynebacterium glutamicum was investigated by genome data mining and by experimental analysis. Results indicated that C. glutamicum assimilated different aromatic compounds such as phenol, p-cresol, benzoate, 4-hydroxybenzoate, vanillate, vanillin, resorcinol, 3,5-dihydroxytoluene and 2,4-dihydroxybenzoate. Genome data indicated, and enzyme assays confirmed; the existence of multiple ring-cleavage pathways for the catabolism of central aromatic intermediates; the protocatechuate and catechol branches of the -ketoadipate pathway, two similar hydroxyquinol pathways and the gentisate pathway. Two putative hydroxyquinol 1,2-dioxygenase genes (ncg11113 and ncg12951) were cloned and functionally identified in Escherichia coli. The genes encoding enzymes for the conversion of phenol, benzoate, 3-hydroxybenzoate, 4-hydroxybenzoate and vanillate in the central -ketoadipate pathways were mapped on the chromosome of C. glutamicum. A unique 30-kb (approximately 1% of the entire genome) catabolic island that channels the degradation of various aromatic compounds was mapped to position 2525-2555 kb of the genome. The global analysis and characterization of aromatic degradation pathways provided new insights into the metabolic ability of C. glutamicum in addition to its well-known ability to produce various amino acids and vitamins.
The degradation of aromatic compounds generally proceeds in two stages. First, an aromatic compound is prepared for ring cleavage by a variety of ring modification reactions that are referred to as peripheral pathways 22) . Many of the diverse peripheral pathways that have been identified involve mono-or di-oxygenation that results in the formation of dihydroxylated benzene derivatives (catechol, protocatechuate, gentisate, hydroxyquinol, homogentisate, and homoprotocatechuate). Second, the degradation of the dihydroxylated benzene derivatives involves ring fission and subsequent reactions linked to central metabolism in the cell. Ring fission is catalyzed by ring-cleavage dioxygenases that use molecular oxygen to open the aromatic ring between the two hydroxyl groups (ortho-cleavage, catalyzed by intradiol dioxygenases) 39, 40) or proximal to one of the two hydroxyl groups (meta-cleavage, catalyzed by extradiol dioxygenases) 11, 17, 35) . For many years, investigations of the degradation of aromatic compounds have focused almost exclusively on Gram-negative bacteria such as species of Pseudomonas and a considerable body of knowledge has emerged 23) . Recently, the catabolism of aromatic compounds by Pseudomonas putida strain KT2440 has been reviewed at the genomic level 22) . Nevertheless, some Grampositive bacteria, such as members of the genera Corynebacterium, Rhodococcus and Streptomyces, are able to mineralize a wide array of aromatic compounds 2, 13, 15, 19, 20, 28, 34) . Comparative studies indicated that there are extensive differences between the biodegradation processes in Grampositive and Gram-negative bacteria 3, 9, 12, 14, 16, 19, 25, 27) . However, our understanding of the aromatic degradation in Grampositive bacteria at the genetic and biochemical levels is relatively limited.
Corynebacterium glutamicum belongs to the high GC group of Gram-positive bacteria and is widely used for the industrial production of amino acids and vitamins. Several Corynebacterium species isolated from soil are able to degrade styrenes 20) , 2,4-dichlorobenzoate 28) , 2,4,6-trinitrotoluene 14) or other aromatic compounds 5, 7, 10, 34) . Our previous studies demonstrated that C. glutamicum could use different aromatic compounds as a sole source of carbon and energy and, multiple ring cleavage pathways might occur in this bacterium [31] [32] [33] . Here, we identify a key enzyme involved in the degradation of resorcinol, 2,4-dihydroxybenzoate and 3,5-dihydroxytoluene. We also provide new annotations for genes involved in the multiple pathways of degradation of aromatic compounds.
Materials and Methods

Bacterial strains and culture conditions
The media and conditions for culturing C. glutamicum and Escherichia coli were as reported before [31] [32] [33] . Briefly, C. glutamicum was routinely cultivated at 30C on LBG medium (Luria-Bertani supplemented with 2 g l 1 of glucose) with nalidixic acid (50 mg ml 1 ) when needed. To test its ability to grow on aromatic compounds, C. glutamicum was inoculated into mineral salts medium (MSM) containing 4 mmol l 1 aromatic compounds. Cultivation was conducted on a rotary incubator at 150 rpm at 30C. E. coli strains were grown in Luria-Bertani medium. Ampicillin, chloroamphenicol, or kanamycin was added at a final concentration of 100, 20 or 50 mg ml 1 , respectively, when needed.
DNA manipulation
DNA restriction enzyme digestion, plasmid isolation, and agarose gel electrophoresis were carried out as described by Sambrook et al. 29) . Genomic DNA of C. glutamicum was isolated by the method of Tauch et al. 37) . E. coli and C. glutamicum were transformed by electroporation according to the method of Tauch et al. 38) .
Knockout of the catechol 1,2-dioxygenase gene (ncg12319) in C. glutamicum
To disrupt the ncg12319 gene in C. glutamicum, an internal 0.21 kb SnaBI fragment, corresponding to amino acids 43-113 of Ncg12319, was deleted from plasmid pBV220C12D 33) to give pBV220ncg12319. The EcoRIBamHI fragment (ca. 0.66 kb) of pBV220C12Dncg12319 carrying the disrupted ncg12319 was then cloned into the vector pK18mobsacB 30) to generate the plasmid pK18mobsacB-ncg12319. This plasmid pK18mobsacB-ncg12319 was used to transform C. glutamicum RES167 8) by electroporation. Mutant screening was performed according to Schäfer et al. 30) . Selected mutants were tested for their ability to grow on minimal medium supplemented with phenol, benzoate or protocatechuate as sole carbon and energy sources. Deletion of the chromosomal ncg12319 locus was also verified by PCR amplification. The ncg12319 mutant was designated C. glutamicum RES167-ncg12319.
Heterologous expression of the ncg11113 and ncg12951 genes in E. coli and purification of recombinant proteins Using genomic DNA of C. glutamicum as a template, PCR was used to amplify the gene ncg11113 with primers N11113F (5'-AAAAGCTAGCATGACTATTTCAGCA-CA-3') and N11113R (5'-ATAGGATCCTGCTGCTTC-TACTTAGAC-3'), and the gene ncg12951 were amplified with primers N12951F (5'-AAAAGCTAGCATCATGA-CAACCACCA-3') and N12951R (5'-ATAGGATC-CGAAAAGCGAAATCCTAC-3'). The underlined bases are recognition sequences for the restriction enzyme NheI or BamHI. PCR consisted of 30 cycles of denaturation at 95C for 1 min, annealing at 36C for 1 min, and extension at 72C for 1.5 min, followed by a final extension step at 72C for 10 min.
The amplified DNA was purified and digested with Bam-HI and NheI (TaKaRa Biotechnol. Co., Ltd., Dalian, China). Restricted DNA fragments were separated by agarose gel electrophoresis, purified using an agarose gel DNA fragment recovery kit (TaKaRa), and ligated to RE-treated pET28a. The resulting plasmids pET28a-ncg11113 and pET28a-ncg12951 were introduced into E. coli strain BL21(DE3). When the growth of recombinant E. coli reached OD 600nm 0.4, the expression of ncg11113 and ncg12951 was induced by addition of 0.6 mM IPTG to the culture broth and incubation continued for 3 h. Cells were harvested by centrifugation and disrupted by ultrasonification. Recombinant proteins, Ncg11113 and Ncg12951, were purified from cellular lysates with a His-Bind protein purification kit (Novagen, Madison, WI, USA), according to the manufacturer's instructions.
Preparation of crude cellular lysate and assays of enzymatic activity
The preparation of cellular lysates and determination of protocatechuate 3,4-dioxygenase, catechol 1,2-dioxygenase and gentisate 1,2-dioxygenase activity were described before 19, 36) . In brief, cells cultivated with various aromatic compounds were harvested by centrifugation at 10,000 g, washed twice with ice-cold 50 mM Tris-HCl buffer (pH 8.0), resuspended in the same buffer, and disrupted by sonification in an ice-water bath. After centrifugation at 20,000 g for 30 min at 4C, the clear supernatant was used for enzymatic assays. Hydroxyquinol 1,2-dioxygenase activity was evaluated by measuring the increase in absorbance at 245 nm, which resulted from the formation of maleylacetate, according to Travkin et al. 39 ) . An extinction coefficient of 4440 M 1 cm 1 was used for the calculation of enzymatic activity. All enzyme assays were performed at 25C. One unit of activity is defined as the amount of enzyme required for the disappearance (or production) of 1 µmol of substrate (or product) per min.
Protein determination and SDS-PAGE
Protein concentrations were determined according to the method of Bradford 4) , with bovine serum albumin as the standard. SDS-PAGE was conducted with a 5% stacking gel and 12% resolving gel and was run in a Mini-PROTEAN II Electrophoresis Cell (Bio-Rad) according to the manufacturer's instructions. After electrophoresis the protein bands were visualized by Coomassie brilliant blue staining. The apparent molecular mass was estimated based on the relative mobility of protein markers ranging from 14 to 97 kDa.
Sequence data analyses
The genome sequence of C. glutamicum ATCC13032 (accession No. NC 003450) 18) was retrieved from GenBank. Sequence comparisons and database searches were carried out using BLAST programs at the BLAST server of NCBI (http://www.ncbi.nlm.nih.gov) 1) .
Results
Assimilation of aromatic compounds by C. glutamicum
Our previous research showed that C. glutamicum used the following compounds as a sole source of carbon for growth: phenol, benzoate, p-cresol, vanillate, vanillin, protocatechuate, 4-hydroxybenzoate, 3-hydroxybenzoate, and gentisate. The key enzymes for the degradation of phenol, benzoate, p-cresol, vanillate, vanillin, protocatechuate, and 3-or 4-hydroxybenzoate were identified 32, 33) . More recently, the catabolic pathway for gentisate and 3-hydroxybenzoate was elucidated and includes gentisate 1,2-dioxygenase (ncg12920), fumarylpyruvatre hydrolase (ncg12919), and a glutathione-independent maleylpyruvate isomerase (ncg12918) 31) . Further experiments in this study showed that C. glutamicum also used resorcinol, 2,4-dihydroxybenzoate, 3,5-dihydroxytoluene, and benzyl alcohol for growth. Table  1 shows the many ring-cleavage dioxygenase activities induced when the bacterium was grown with various aromatic compounds.
Experimental identification of ring-cleavage dioxygenase genes
Four aromatic ring-cleavage dioxygenases, i.e., catechol 1,2-dioxygenase, protocatechuate 3,4-dioxygenase, hydroxyquinol 1,2-dioxygenase, and gentisate 1,2-dioxygenase, were detected when various aromatic compounds were supplied ( Table 1 ). The gene encoding protocatechuate 3,4-dioxygenase (ncg12314/12315) has been identified by means of active cloning and gene disruption 32) . The genes encoding catechol 1,2-dioxygenase and gentisate 1,2-dioxygenase have also been identified by expression of individual genes in E. coli 31, 33) . In this study, we confirmed that ncg12319 encodes catechol 1,2-dioxygenase by gene disruption: a mutant deleted of ncg12319 did not grow with phenol as a carbon and energy source.
The hydroxyquinol 1,2-dioxygenase pathway in C. glutamicum had not been previously identified, therefore further experiments were performed to identify and characterize the genes in this pathway. By genome data mining and analysis, gene clusters [1213-1217 kb (ncg11111-ncg11113) and 3256-3259 kb (ncg12951-ncg12952)] were mapped and two sets of putative hydroxyquinol 1,2-dioxygenase genes and maleylacetate hydrolases genes were recognized (Fig. 1) . The two putative hydroxyquinol 1,2-dioxygenases (Ncg11113 and Ncg12951) shared 86% identity in amino acid sequence to each other, and 74-75% identity to the hydroxyquinol 1,2-dioxygenase of Arthrobacter sp. BA-5-17 24) . The two putative hydroxyquinol 1,2-dioxygenase genes were individually cloned and introduced into E. coli. Recombinant E. coli cells carrying either pET28a-ncg11113 or pET28a-ncg12951 actively expressed hydroxyquinol 1,2-dioxygenase activity. When lysates of the two recombinant E. coli cells were analyzed with SDS-PAGE, prominent bands corresponding to proteins of 39 kDa were observed. Ncg11113 and Ncg12951 were purified and showed hydroxyquinol 1,2-dioxygenase activity of 19.7 and 39.6 units/mg of protein, respectively. Their substrate range and level of activity were similar. In addition to hydroxyquinol (100% activity), they also showed some activity with catechol (3.1-3.3%), 3-methylcatechol (0.8-1.3%), and 4-methylcatechol (0.5-1.5%) as substrates, but not 4-chlorocatechol, 4-nitrocatechol, or protocatechuate.
Genome data-mining and identification of other genes involved in aromatic degradation
Forty-one genes were identified by BLAST searches based on sequence similarity. Functions of 11 of these genes have been experimentally confirmed ( Table 2 ). The proteins encoded by these 41 genes can be classified into 3 groups according to function: regulatory factors including ncg11110, 12308, 12311, 12324, 12921, and 12950, permease-like proteins that facilitate the transport of aromatic compounds including ncg11031, 12302, 12325, 12326, 12922, and 12953, and enzymes catalyzing the degradation of aromatic compounds (remaining genes in Table 2 ).
Discussion
C. glutamicum is commercially well-known for its ability to produce various amino acids and vitamins. But its ability to degrade aromatic compounds and its potential applications in bioremediation have long been overlooked. This study and our previous research have clearly demonstrated that this bacterium possesses powerful tools to deal with aromatic compounds. Five ring-cleavage dioxygenases (catechol 1,2-dioxygenase, protocatechuate 3,4-dioxygenase, gentisate 1,2-dioxygenase, and two hydroxyquinol 1,2-dioxygenases) were synthesized upon exposure to various aromatic compounds. Genes encoding ring-cleavage dioxygenases were mapped into separated gene clusters (Fig. 1) . Further mining of the C. glutamicum genome data provided more information on the molecular basis for the transport and degradation of aromatic compounds, as discussed in the following paragraphs.
Transport of aromatic compounds The uptake of an aromatic compound into the cell is the first step in its catabolism in bacteria. Although aromatic compounds can enter the cell by passive diffusion when present at high concentrations, active transport increases the efficiency and rate of substrate acquisition in natural environments where these compounds are present in low concentrations. In C. glutamicum, six predicted transport proteins, Ncg11031 (PcaK), Ncg12302 (VanK), Ncg12325 (BenK1), Ncg12326 (BenK2), Ncg12922 (gentisate transporter), and Ncg12953 (Table 2) , have been discovered. However, only the function of Ncg12922, which transports gentisate, has been proven 31) . The functions of the other 5 genes still need to be confirmed. Catabolism of aromatic compounds by C. glutamicum C. glutamicum assimilates a range of aromatic compounds including phenol, benzoate, p-cresol, vanillate, vanillin, protocatechuate, 4-hydroxybenzoate, 3-hydroxybenzoate, gentisate, resorcinol, the 2,4-dihydroxybenzoate, 3,5-dihydroxytoluene, and benzyl alcohol. The degradation of these compounds is performed through one of 3 pathways, the gentisate pathway, the hydroxyquinol pathway, or the -ketoadipate pathway which includes a catechol branch and a protocatechuate branch, as outlined in Fig. 2 . Since the gentisate pathway was discussed previously 31) , the following discussion focuses on the -ketoadipate and hydroxyquinol pathways.
i) The -ketoadipate pathway As in many other bacteria, the entire -ketoadipate pathway in C. glutamicum is composed of a catechol branch, a protocatechuate branch and a -ketoadipate central pathway (Fig. 2, the two middle vertical lines) . Aromatic compounds such as p-cresol, vanillin, 4-hydroxybenzoate, benzoate, and phenol are degraded via the -ketoadipate pathway. Benzoate and phenol are representative compounds that are degraded through the catechol branch of the -ketoadipate pathway. The genes involved in the catechol branch are organized in a single cluster (ncg12317-ncg12319) (Fig. 1) , and this gene order (cat-ABC) is conserved in the Gram-positive bacteria R. opacus and C. glutamicum but not Gram-negative bacteria such as P. putida (catBAC) 22) . In terms of sequence identity, the genes involved in the protocatechuate branch of the -ketoadipate pathway are generally more similar to their counterparts in Gram-positive bacteria such as Streptomyces sp. and Rhodococcus opacus 13, 21) . But significant differences in gene structure and organization were also found between C. glutamicum and Streptomyces sp. and R. opacus. A single gene, pcaL (encoding -carboxymuconolactone decarboxylase/-ketoadipate enol-lactone hydrolase) in Streptomyces sp. strain 2065 and R. opacus replaced the hypothetical ncg12312 (encoding -carboxymuconolactone decarboxylase) and ncg12310 (encoding -ketoadipate enol-lactone hydrolase) of C. glutamicum 32) . Sequence analysis indicated that Ncg12310 shared 50% and 31% identity with the N-terminal of PcaL in R. opacus and Streptomyces sp. strain 2065, respectively. Ncg12312 showed significant identity 78% and 46%, to the C-terminal of R. opacus and Streptomyces sp. strain 2065, respectively. Thus, it was proposed that the pcaL of R. opacus and Streptomyces sp. strain 2065 originated from the fusion of independent genes such as ncg12310 and ncg12312. The catechol and protocatechuate branches converge at the intermediate -ketoadipate enollactone (Fig. 2) and flow into the -ketoadipate central pathway, which starts with the conversion of -ketoadipate to -ketoadipyl-CoA by means of a putative -ketoadipyl-CoA thiolase (Ncg12307/Ncg12307). The genes (ncg12306/ ncg12307) encoding this putative thiolase were located on a large catabolic island (ca. 33 kb at 2524-2557 kb) in the C. glutamicum chromosome (Fig. 1) . To our knowledge, a direct link between genes involved in the two branches of the -ketoadipate pathway like in the C. glutamicum chromosome have not been found in other Gram-positive or Gramnegative bacteria, and this well-organized catabolic island (contributing 1% of the entire genome) is also a unique feature of the C. glutamicum chromosome.
ii) The hydroxyquinol pathway Resorcinol and 2,4-dihydroxybenzoate are degraded through the hydroxyquinol pathway. Two hydroxyquinol 1,2-dioxygenases were purified 24, 26) . Genes encoding enzymes involved in this pathway are listed in Table 2 and also shown in Fig. 2 (right vertical line) . Interestingly, there are two loci that harbor two sets of genes encoding hydroxyquinol dioxygenases and maleylacetate reductases. As shown in this study, two genes (ncg11113 and ncg12951) initiated the synthesis of a functional hydroxyquinol dioxygenase when they were expressed in E. coli. We are currently investigating whether these two sets of genes are both required for the assimilation of the aforementioned aromatic compounds or if they have some other physiological function.
